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CHAPTER -_I 
INTRODUCTION 
The main concern of high energy physics is the study of 
interactions of fundamental particles [l]. The study of 
interactions between particles holds a central position in 
contemporary physics. One might even be tempted to say that 
the problem of elementary particles is today the problem of 
physics. Once having learned the properties of the fundamental 
particles and the laws governing their behaviour, it can be 
applied to more or less complex systems of particles.-
The study of multiparticle production in high energy 
hadronic collisions may enable us to understand the processes 
involved in these interactions which has the relevance in 
understanding the hadronic structure. First studies of particle 
production were made through cosmic ray investigations using 
emulsion techniques. In the beginning there was a controversy 
whether the multiparticle production was really an elementary 
phenomenon taking place in nucleon-nucleon collisions or was 
it a cascading effect of single pion production in nucleon-
nucleon collisions. After the observations that multiparticle 
production does take place in nucleon-nucleon collisions it 
became clear that nuclear targets produce only a weak multi-
plicative effect. Thus the cascade theory became doubtful and 
tube model approaches vjQxe made-
• 2 • 
The reliability of cosmic ray results has always, remained 
open to doubt because of the fact that the nature as well as 
the energy of the incident particle is not known-accurately. 
The estimation of energy of the primary through the observed 
behaviour of secondaries and a priori assumed mechanism of 
multiparticle production leads to uncertainties at sufficiently 
high energies. Thus the very basic input information becomes 
doubtful. Hence, the interest in the study of multiparticle 
production considerably increased with the development of giant 
accelerators because accelerators could provide beams of any 
desired particle with controlled energies and fluxes. However, 
the attention was mostly paid to hadron-nucleon collision 
studies. It was believed that the studies on hadron-nucleon 
collisions alone could provide all informations about the 
process of multiparticle production and thus it was considered 
useless to go through the complex affairs involved in hadron-
nucleus collisions. 
In recent years, the situation has changed and much inter-
est has centered around the study of multiparticle production 
in hadron-nucleus interactions at high energies. There are 
various reasons for the revival of this interest. The basic 
reason is the success in applying the Glauber theory of multi-
ple scattering [2] to account for the nuclear effects in 
hadron-nucleus collisions. The second reason is the possibi-
lity of measuring the hadron-hadron cross sebtions for hadrons 
: 3 
which decay via the electromagnetic and strong interactions[3,4]• 
The third and most important reason is the realization that the 
investigation of multiparticle production in high energy hadron-
nucleus collisions may^srovide^ inf ormations^about the mechanism 
of multiparticle production in hadron-hadron collisions also. 
The hadron-nucleus collisions offer the unique possibility of 
studying the space time development of particle production 
processes, whereas the experiments on multiparticle production 
using nucleons as targets give data only on the asymptotic state 
observed and hence can not yield direct information on space 
time development of the production process. 
In hadron-nucleon collisions the only'directly observable 
information is that on the asymptotic state produced. Some 
information about what happens in the early stages of the 
interaction can be obtained from a detailed study of finally 
produced particles. For example, by looking at correlations 
between various particles one can deduce if the particles are 
decay products of resonances or clusters. Such kind of analysis 
becomes very difficult and model dependent as the energy of 
interaction and subsequent number of produced particles 
increases. In order to obtain information about the develop-
ments in the early stages of particle production process, it 
is necessary to interfere with the process as it is taking 
place. If the multiparticle final state, is reached immediately 
after the collision then each of the particle produced in the 
first collision will interact with the downstream nucleons in 
• 4 • 
the nucleus and a internuclear cascade will develop. . On the 
other hand, suppose that in the initial hadron-nucleon colli-
sion the final state paxticlBS_ are not formed until distances 
r>j nuclear dimensions then the outcome of hadron-nucleus 
collision will be quite different. 
The studies on raultiparticle production in hadron-nucleus 
collisions have been carried out using counters [S] and more 
generally the nuclear emulsion technique. In counter experi-
ments target nuclei are unique and dependence on mass number 
of target of various parameters can be studied carefully. 
However, in the counter technique large angle secondaries can 
not be recorded. In emulsion a complete trace of the inter-
action is recorded which may, therefore, provide a lot of 
informations about the interaction. But the interactions with 
different kinds of nuclei present in the emulsion can not be 
separated out. Therefore, the study of nuclear interactions 
with some particular kind of nuclei may not be accurately made. 
No doubt there are some limitations with nuclear emulsions 
even then it is very suitable for the study of multiparticle 
production processes. 
We intend to study the pion-nucleus interactions, which 
are comparatively less studied in comparison with proton-
nucleus collisions. Some results from this study are being 
reported in this dissertation. 
In Chapter II we have described briefly various important 
• 5 • 
models which are commonly used to explain different results on 
multiparticle production in high energy hadronic interactions. 
Chapter III of_ this dissertation is devoted to a survey of 
the work carried out by some other workers at 50, 340 and 400 
GeV. The characteristics of interactions presented here, are 
multiplicity distributions of secondary particles, scaling 
(KNO), dispersion and mean normalized multiplicity etc. 
An analysis of data in terms of rapidity distributions, 
rapidity-gap distributions and production of heavy clusters 
etc. has been given in Chapter IV at 50, 340 and 400 GeV 
energies. 
Chapter V is devoted to a summary© 
: 6 : 
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CHAPTER - II 
MODELS OF MULTIPARTICLE PRODUCTION 
2.1 Introduction; 
The study of multiparticle production in high energy 
hadronic collisions is considered to enable us to understand 
the processes involved in these interactions. Because of 
poor understanding of strong interactions, models have been 
proposed from time to time in order to explain the experimental 
results on multiparticle production in high energy collisions 
of elementary particles. In general, the proposed models are 
classified in two categories, viz., the single step models (SSM) 
and the double step n.odels (DSM). In the single step models 
the final states are assumed to be formed instantaneously 
after the collision e.g. Multiperipheral model [l] and Intra-
nuclear cascade model [2]. In double step models, the formation 
of final state is visualized via some intermediate state/states^ 
i.e., the particle production takes place in two steps. The 
energy flux cascade model [3], Hydrodynamical model [4], 
Coherent tube model [5], Diffractive excitation model [6j and 
Hybrid model [7] fall under the second category. 
2.2 Intranuclear cascade model: 
This model comes under the category of s ing le s tep models 
« 
(SSM). In the intranuclear cascade model, the final states 
: 8 : 
-23 
are assumed to be formed instantaneously in a time'~'10 sec. 
The incident hadron collides successively with a number of 
nucleons inside the nucleus producing secondaries at each 
collision.. Each of these secondaries further collide produc-
ing tertiaries and so on which in result develops an intra-
nuclear cascade. As the size of the target nucleus increases 
the probability of secondary interactions increases. Thus a 
strong dependence of the final state particles on the target 
size is expected as the energy of the incident particle 
increases. Fig. 2.1 shows a visual description of intranuclear 
cascading process. This picture explains the experimental data 
on <n > and <Nj^ > upto 25 GeV. At higher energies it grossly 
overestimates these quantities [8-9]. 
Attempts have been made to modify the intranuclear cas-
cade model [2] by taking into account the effects like trailing 
[10-11] in order to have some check on the growth of <ng> but 
the success is rather partial. One of the most important 
prediction of this model is that the multiplicity is indepen-
dent of target mass number for A>10. The average multiplicity 
for p-Em interactions [l2] at 200 GeV is (13,0 + 0.2) and for 
•K~- Ne at the same energy [l3] is (10.0 + 0.2). 
Thus the predictions are completely in disagreement with 
the experimental results. 
2*3 Diffractive Excitation Model: 
In the diffractive excitation model the intermediate 
: B(a) 
Fig. 2.1 Schematic example of intranuclear cascade model. 
(Figure taken from reference [l7]). 
: 9 : 
states are assumed to be formed by the 'diffractive excitation 
of the incident and target particles. The colliding particles 
are first excited diffr^ctively int^ two massive states called 
nova, each having the same internal quantum numbers (except 
spin and parity) as of the original particles. In these novas 
one is fast and the other is slow. At high energies the life 
time of fast nova exceeds the time of transit through the 
nucleus because of the time dilation and therefore, the particle 
production takes place only after the nova has left the nucleus. 
The fast nova continues through the nuclear matter with a mean 
free path identical to that of incident particle and in the 
next collision produces another slow nova. After the fast nova 
emerges from the nucleus, it decays into <n>/2 secondaries, 
where <n> is the average number of particles produced in 
hadron-nucleon collisions at the same energy of incident 
particle. Thus the mean normalized multiplicity, R,, which 
is defined as the ratio of the average number of particles 
produced in hadron nucleus collisions to that produced in 
hadron-nucleon collisions at the same energy, may be given by 
R^ = I (1 + <i>>) ... (2.1) 
where <>^ > is the average number of collisions of incident 
particles inside the nucleus. 
Dar and Vary [6] have estimated <^>-^ k ' . Thus accord-
ing to diffractive excitation model, R. should be energy 
: 10 : 
independent and weakly dependent on target size A. This model 
also pr:edicts that for hadron nucleus collisions 
(i) the In tan 0 (which is a measure of rapidity) distribu-
tion of the forward cone particles, after excluding the 
coherent production, should be similar to hadron-hadron 
collisions, 
(ii) the In tan 0 distribution in the target fragmentation 
region should show an excess of events over that observed 
in hadron-hadron collisions, 
(iii) the inelasticity in the laboratory frame should not be 
much greater than that for hadron-hadron collisions. 
2.4 Energy Flux Cascade Model; 
The model was proposed by Gottfried [3], In this model 
it is assumed that the energy flux of the hadronic matter is 
the essential variable that determines the early evolution of 
the system, and it is a cascade of this flux, and not conven-
tional hadrons, that occurs in a hadronic collision. Gottfried 
suggested that in every encounter of a primary particle with 
a nucleon of the nucleus, a hard and a soft hadron is produced. 
The hard hadron is almost identical to the primary particle 
and gives an average multiplicity of 2<n>/3, where <n> is the 
average number of particles produced in hadron-nucleon colli-
sions. The soft hadron carries little energy and gives <n>/3 
particles. These particles appear slower in the lab system. 
: 11 : 
It is assumed that the hard hadron, but not the soft hadron 
continues to interact as it passes through the nucleus. Such 
an interaction is given diagramatically in fig. 2.2. In this 
fig. the projectile hard hadron interacts with two nucleons 
in the nucleus creating two soft hadrons. The average multi-
plicity <n> of hadron-nucleus collisions is given by 
'^ '^ h^A ~ "^''hard hadron "^  ^ ^^ ^"^soft hadron. 
<">hA = <^-^> <">hp " ^<^> <">hp 
= <n>^p (1 + Ti(<-^ > - D ) ... (2.2) 
where <n>. is average multiplicity of hadron-proton interac-
tions and r\ is the fraction of the particles produced in a 
single collision which comes from soft hadron. Thus, from 
the above expression, the mean normalized multiplicity, R,, 
may be given by 
f^A = T ^ = 1 + . (<>>> - 1) = 1 + ^  (<V> - 1) 
= § + •§<*'> ••• (2.3) 
where <V> is the mean number of collisions of incident parti-
cles with the nucleons in the target nucleus of mass number A. 
The model, tnus, predicts essentially energy independent 
value of R. in agreement with the experimental results. 
11(a) 
Fig. 2.2 Schematic example of two phase step models 
(Figure taken from reference [l7]). 
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In the rapidity (Y) [l4] space, the forward part (Y>Y/3) 
of the. rapidity distribution of the secondaries in hadron-
nucleus collisions is expected to be identical to that of hadron-
nucleus collisions, where Y is the total rapidity width. The 
excess of particles appears only in the lower rapidity region 
and therefore rapidity distribution of the excess particles 
should remain independent of target size. In other words the 
centroid of the excess particles is fixed irrespective of the 
target mass. The dispersion of the rapidity distribution in 
hadron-nucleus collisions should be independent of target size 
and is equal to hadron-nucleons collisions. 
2.5 Hybrid Model; 
Aziz and Zafar [7] proposed a simple model for multi-
particle production in high energy hadron-nucleon and hadron-r 
nucleus collisions. The assumptions made by them are as 
follows: 
(i) The multiparticle final state is reached through the 
formation of intermediate states i.e. the process takes 
place in two steps. 
(ii) In hadron nucleon collision, the projectile and the 
target pass through each other, excite each other and 
contribute independently towards the number of particles 
in the final state. The number of particles coming out 
from each of the target and the projectiles is governed 
: 13 : 
by the energy associated with them in the CM system. 
(iii) In a hadron-nucleus collision at high energies, the beam 
sees a very thin nucleus due to Lorentz contraction and 
thus interacts simultaneously with v* -nucleons lying in 
a tube of the nucleus along its trajectory. 
(iv) After the interaction the )^ -nucleons equally share the 
energy associated with the target and behave like 
i^ -excited objects to give independent contributions 
towards the number of final state particles. The number 
of particles stemming out from each is governed by the 
energy associated with them. 
On the basis of these assumptions the mean normalized 
multiplicity R. may be given as 
^A = '^'^  ^  P^ "'')/2 ... (2.4) 
where a is energy independent constant 
From this expression one may conclude that R. is independent 
of energy which is to some extent in agreement with experiments. 
It may be noted that R. = 1 for ^ = 1. 
The model also predicts that the ratio of the average 
number of particles created at two different energies with the 
same target is independent of the target and is only a function 
of the ratio of the energies, 
<'^ s>Ei / <"s>E2 = (E1/E2)'' ... (2.5) 
14 : 
where <n_>i- and <n^ >i, are the average number of particles 
at energies E^ and E2 respectively and a is a contstant 
(a = 1/4). 
2.6 Collective Models; 
In collective models one assumes that in a high energy 
hadron-nucleus reaction the nucleons in the path of the incident 
hadron inside the target nucleus act collectively and in the 
first order approximation can be considered as a single object 
[5,15,16]. 
2.7 The Coherent Tube Model; 
This model as suggested by Dar et al-[5j, is based on the 
following assumptions. 
(i) The interaction of a high energy particle with a target 
nucleus results from its simultaneous collision with all 
the nucleons that lie with in a tube of cross section a 
along its path in the target nucleus. 
(ii) In the centre of mass system, the particle tube collision 
resembles a particle-nucleon collision at the same centre 
of mass energy. 
The coherent tube model predicts that 
<n3(S)>^ - <n3(S^^P>p ... (2.6) 
For multiplicity distribution in particle nucleus collisions 
: 15 : 
the model predicts that 
^^(Z) r^ Vp(Z) ••• (2.7) 
where 
"in '^ 
and consequently 
0^(5) = Dp (Sg^^) ... (2.8) 
(Dj_ = Y"(<n^>^ - <n>l) 
Meng Ta-Chung [l5] suggests that a hadron-nucleus colli-
sion is either a fragmentation process or a violent collision. 
A violent collision event can be recognised by the observation 
of a large-transverse momentum particle among the products, 
and by the fact that the products of this event predominantly 
populate the central region, and that the multiplicity is 
relatively high. In fragmentation events the multiplicity is 
in general low, and the products are mainly found in the 
projectile and target fragmentation regions. 
:16 : 
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CHAPTER - III 
SOME CHARACTERISTICS OF HADRON-NUCLEUS INTERACTIONS 
3.1 Introduction: 
This chapter is devoted to the summary of the various 
reported results at accelerator energies. The results present-
ed are the general characteristics of shower, grey, black and 
heavy tracks, Koba-Nielson-Olesen scaling (KNO scaling), 
correlations among the secondary charged particles and mean 
normalized multiplicity (RA) etc. The survey of these results 
shows that these parameters are independent of energy and nature 
of the colliding hadrons. However, in the UA5 collaboration 
experiment, it has been observed that at energies of Y"S=200 
and 900 GeV, the KNO scaling is violated and therefore it seems 
that at very high energies the mechanism of particle production 
may be different [32]. 
3'2 Multiplicity: 
The particle multiplicity is defined as the number of 
particles produced in the interaction and it is taken as a 
parameter which may give useful information regarding the 
interaction process. However, most of the detecting devices 
record only the charged particles which are produced during 
the interaction. Therefore charged particle., multiplicity is 
used in various analysis. 
: J.V : 
3.3 Multiplicity of Heavily Ionizing Particles; 
Recently, interests have revived in the study of the 
characteristics of slow particles emitted in high energy 
hadron-nucleus collisions. The reason for it is that the 
number of slow particles especially that of grey tracks, n , 
is a good parameter to measure the'number of collisions made 
by the incident particle inside the nucleus. 
3.3.1 Multiplicity distribution of heavily ionizing particles: 
The N, -distribution for the events with N, :^ 2 is shown in 
fig. 3.1(a) at 50, 340 and 400 GeV/c. The figure shows that 
the distributions are of similar nature and therefore v^e may 
say that N, -distribution is independent of energy and nature 
of projectile. The values of <N,> and D(N, ) , where 
D(Ni^ ) = [<N^> - <N^>^]^/2 ... (3.1) 
is the dispersion of the N, -distribution^are given in table 3.1 
for all the events and for events with N,><;20 at various ener-
gies [1-9]. It may be noted from the table that whereas <N, > 
does not change with energy, its value in proton-emulsion 
collisions is slightly higher than the pion-emulsion collisions, 
The values of <N. >/D(N^) for events with Ny^v<:20 as well as for 
total data for proton-emulsion collisions are similar to their 
corresponding values of pion-emulsion collisions at various 
energies. It may further be noted that whereas D.(Nj.^) of the 
: 19 (a) 
*00 CiV 
Fig.3.1. Multiplicity distributions of heavy,black 
and grey tracks at 50,340 and 400 GeV/c. 
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events characterized by all N^ ^ increases with energy of the 
incident hadron, its value for events having Nj^ 420 does not 
change with energy. From these observations we may conclude 
that the disintegration of nuclei increases with the increase 
of energy and the characteristic of N,^20 events do not change 
with energy or the nature of the incident hadron. 
The percentage frequency of events in various N. intervals 
at different energies [10-12] are given in table 3.2. From 
this table it may be noted that the percentage of events for 
N, = 0-1, 2^ N.4:6 and N. ^ 7 is almost constant and is also 
independent of the nature of the incident particle. 
3.3.2 I'vlultiplicity distribution of black tracks; 
vVhen an energetic particle hits a nucleus, a number of 
charged and uncharged particles are produced. The emergence 
of energetic particles producing showers and grey tracks in 
nuclear emulsion occurs just after the impact of the projectile 
After this the nucleus remains in an excited state for quite a 
long time on nuclear time scale. Then the nucleus de-excites 
resulting in the emission of large number of nucleons and 
other heavy fragments. This process of de-excitation is known 
as evaporation process. The particles emitted through this 
process generally appear as black tracks in nuclear emulsion 
except for a very few which may appear as grey tracks. The 
multiplicity distribution of black track particles is shown 
in fig. 3.1(b) at 50 and 340 GeV/c n'- Em and 400 GeV/c p-Em 
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interactions. The figure shows that all the distributions are 
of similar nature. From the figure we conclude that the n. -
distribution is independent of energy and nature of the incident 
hadron. Table 3.3 shows the values of <n. > at several energies 
[1-8,10,13]. From the table it can be seen that <n-^ > is almost 
constant over a wide range of energy. The constancy of <n. > 
shows that the average energy imparted to nuclei for their 
excitation is independent of the type of incident hadron and 
its energy. 
3.3.3 Multiplicity distribution of grey tracks; 
The multiplicity distribution of grey tracks at 50, 340 
and 400 GeV/c in shown in fig. 3.1(c). The values of <n > at 
y 
different energies reported by various workers [l-8, 10,13] are 
given in table 3.3. The table shows that the value of <n > 
decreases 'with the increase in the energy of incident hadron. 
It may also be noted from the table that the average value in 
case of pion-emulsion collisions is smaller than the proton-
emulsion interactions at the corresponding energies. The 
difference in the values of <n > for %~- Em and p-Em interac-
tions can be understood in terms of additive quark model [l4]. 
According to this model three types of quarks are produced. 
These are listed as (i) the spectator quark (ii) the leading 
quark and (iii) the sea quark. These quarks are produced after 
the first collision of the projectile hadron with the nucleons. 
The fastest particle in the final state of the reaction is formed 
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via the appropriate recombination of the spectator quark with 
one of the newly produced quark outside the nucleus. The 
spectator quark is absorbed in the matter v-/ith an absorption 
cross section. 
^inel _ / 1 X „inel (^ r-.\ 
'^ qN - ^ n ^ % N •'• ^^'^^ 
where n = 2 for pion and 3 for proton projectiles. This leads 
to the fact that 
inel . inel 
o < o X, 
The values of ratio <n > -, / <n > . are 0.83 + 0.05, 
g It A g pA -
0.83 + 0.07 and 0.94 + 0.03 at 50, 340 and 400 GeV respectively 
and these values are very much close to the ratio. 
. . ^ ^ Od 0.81 ..c (3.3) 
pA 
where <^> is the average number of collisions made by the 
incident hadron in the target nucleus of mass number A. 
Equality of the ratios <n > -^ / <n > ^ at 50, 200, 340 
and 400 GeV and <^'>^A / ^^ '^ n^A suggests that n may be taken 
as a measure of the number of encounters made by the incident 
hadron inside the nucleus. The constancy of this ratio with 
energy suggests that the number of internucleSr collisions made 
by the incident hadron inside the nucleus is not changing. 
: 23 : 
3.4 Characteristics of Multiplicity Distribution of 
Shower Particles; 
3.4.1 Multiplicity distribution: 
The multiplicity distribution of shower particles at 50, 
340 and 400 GeV/c is shown in fig. 3.2. The values of <ng> 
reported at several energies for pion and proton interactions 
are given in table 3.4. It may be noted from the table that 
approximately at the same energy of the incident hadron the 
values of <n > in pion-emulsion collision is smaller than that 
of proton-emulsion collisions. This difference, in the value 
of <n >,' is attributed to the different values of inelastic 
cross sections for the two types of incident particles. 
3.4.2 Dispersion; 
The multiplicity distributions are generally characterized 
by the values of their moments. The dispersion, D(ng),(second 
central moment), may be defined as: 
DCn^) = [.<n^ > - <n3>^]^/^ ... (3.4) 
In hadron-nucleus collisions, D(n ) varies linearly with 
<n > in the same way as in hadron nucleon collisions. The 
values of D(n^),<n^> and <n^>/D(n_) at various energies are 
given in table 3.4. From the table it may be_noted that the 
values of the ratios <n_>/D(n-) for both pion-emulsion and 
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proton-emulsion interactions are not much different. From 
this we may conclude that the production mechanism of showers 
may be similar for both the types of interactions. Fig. 3.3 
shows a plot of D(n ) vs <n >. It is clear from the figure 
that Poisson distribution can not describe the data in the 
present energy range. The coherent tube model calculation 
shows a deviation from the experimental data especially at 
lower values of <n >. 
3.5 Koba-Nielson-Olesen (KNO) Scaling; 
In a number of experiments carried out using high energy 
electron and neutrino beams incident on proton targets, a large 
number of hadrons along with the scattered leptons have been 
observed. The interesting feature which was observed in these 
experiments was that when the initial energy and momentum 
transfer suffered by the leptons are large enough, i.e., above 
a few GeV, the process becomes nearly independent of the scales 
of the kinematic variables. This is known as scaling. The 
similarities between hadron-nucleon and hadron-nucleus colli-
sions are more clearly seen when the probability distributions 
for the production of n charged particles exhibit a universal 
character, i.e., 
<n3> Pn^lS) = y ( - ^ ) ... (3.5) 
where Pn (S) is the probability that n charged particles are 
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: 25 : 
produced and ^ is some function of the variable 
ng 7 <ng> = Z(say) ... (3.6) 
This behaviour of multiplicity distribution in the variable 
Z is referred to as KNO scaling after Koba, Nielson and Olesen 
[l5] who first put forward the hypothesis that the probability 
of observing n charged particles in a pp collision may be 
related to a function ^ in the following way: 
a. AS) ^"s' 
mel^  ' 
<"s> 
^ (Z) ... (3.7) 
w here a.„ i(S) is the total inelastic cross section at a given mei 
centre of mass energy Y"S, a /c\ is the partial cross section 
s ^  ' 
for the production of n charged particles and V(Z) is an 
energy independent function at sufficiently high energies. The 
KNO scaling thus implies that the multiplicity is universal 
and the function ^(Z) =<n >Pn (S) has no dependence on energy 
when expressed in terms of scaling variable Z. The main fea-
tures of KNO scaling are as follows: 
(i) Scaling function ^(Z) is independent of "fS as Y"S -^  oo. 
(ii) The normalized moments, Cj^  = <n > / <n > of the 
multiplicity distribution are independent of energy and 
the nature of incident hadrons. 
(iii) The central moments, kVfJ.j^  = kY'(ng - <ng>) of the 
multiplicity distributions should have a linear relation 
: 26 : 
(iii) The central moments, kfnj^  = kfCn^ - <n2>) of the 
multiplicity distributions should have a linear relation 
with the average multiplicity of the interaction and the 
ratio D(ng)/<ng> should be independent of the energy of 
the incident particle. 
The functional form of ^(Z) is not known and is decided 
from the experimental data. Thus Slattery [20], for example, 
has proposed the following form: 
tf(Z) = (A2 + BZ^ + C2^ + DZ"^ ) exp(EZ) (3.8) 
where A, B, C, D and E are adjustable coefficients. The values 
of these coefficients used by Slattery are 3.79, 33.7, -6.64, 
0.332 and -3.04 respectively. These values give very good fit 
to the pp collision data with \ /DOF = 47/47 in the energy 
range of E-, . '^ 50 to 303 GeV, but it poorly fits the data in 
the energy range ^^^ 19 to 28.5 GeV where the value of \ /DOF = 
476/163. 
Buras and Koba [21] have introduced a new kind of scaling 
variable as; 
2' = [ <n3> - a J ••• (3.9) 
which provides an extension of the KNO scaling to low energies 
of ^ 50 GeV. Here a is an energy independent parameter which 
depends only on the type of reaction. 
: 27 : 
The value of a has been calculated in such a way that the 
modified KNO scaling function 
f(Z') = (<n > - a) — ^ ... (3.10) 
-inel^^) 
depends weakly on the incident energy. Buras used the follow-
ing functional form for pp interactions with a = 0.9 [21] 
y(Z') = A(Z' + B) exp(CZ' +DZ'^) ... (3.11) 
The above function with a = 0 has been used for ix'-Em 
interactions by several workers [22,23]. Fig. 3.4 shows the 
multiplicity distributions of shower particles produced in 50 
and 340 GeV/c %~- Emulsion interactions. The values of cons-
tants appearing in the equation (3.11) have been calculated 
by Ahrar et al. [23] and the functional form reported as: 
Ip.(Z') = 2.033 (Z'-0.275) exp(2.526 Z' - 2.217 Z'^) (3.12) 
The expression gives the best fit to the data. The values of 
y^ /DOF are displayed in table 3.5. 
Aziz et al. [24] introduced a new scaling variable. 
n. 
where n is the number of created charged particles and <n > 
: 27(a) 
Fig. 3.4 Scaling function ^(Z') = A(Z'+B) exp(CZ'+DZ'^) 
represented by solid curve. 
TABLE 3.5 Values of '>?/D0F at 50, 340 and 
400 GeV/c with N^^2. 
Type of Energy j^  -b^ /noF 
Interaction (GeV) '^h ^ '^^^ 
% - E m 
•jt~-Em 
Tt~-Em 
p-Em 
50 
340 
50 and 340 
400 
Nh>.2 
^h>/2 
Nh>/2 
Nh>/2 
1 .715 
1 .132 
1 .424 
0 . 4 7 1 
: 28 : 
is the average number of created charged particles. Aziz et al. 
defined Z' as: 
ng - 0.67 
^' " <n^> - 0.67 ••• .(3.13) 
for proton emulsion dsta and the scaling function 
has been expressed as: 
^(Z') = [Z- exp(-Z'")]^/^ ... (3.14) 
with a = 2.13 
Aziz et al. [25,26]. have tried to fit the data on pp 
collision and have found that the function fits the data in the 
energy range'x; (20 ~ 405) GeV with a = 2.13. 
a 
A plot of (<n > - 0.67) — vs Z' for p-emulsion data 
mel 
is shown in the fig. 3o5. The solid curve corresponds to the 
scaling function: 
^(Z') = [Z' exp(-Z''')j^'^^ ... (3.15) 
The value of T'^/DOF as reported by Aziz et al. is 0.471. It 
n 
is clear from the figure and also from the value of Ty, /DOF 
that the scaling function ^(Z') with the value of the constant 
a = 2.13 occurring in it, fits the data quite well. 
In the end we may conclude that the functional form to 
* 
represent the experimental data is projectile dependent* 
: 28(a) 
,0-^ 
400GeV/c|>.Em 
I I L 
• N h ^ 2 
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F i g . 3o5 S c a l i n g func t ion ^ ( Z ' ) = [Z' e x p ( - Z ' ^ ) J"""^ ^ 
r e p r e s e n t e d by s o l i d c u r v e . 
: 29 : 
Recently UA5 collaboration have reported that the Koba-
Nielson-Olesen scaling is violated at fS = 540 GeV CERN proton-
antiproton collider energies [31], They showed that the highest 
energy data show no sign- of approaching to scaling. The dis-
tribution can be described by the negative binomial distribu-
tion. This is a very important observation which shows that 
scaling law <n> Pn = ^ (Z) is energy independent at Fermi lab 
energies ^fS = 10-30 GeV and ISR energies fS = 30-60 GeV but at 
V'S = 540 and V'S = 200 and 900 GeV [32] no such scaling is 
observed. Keeping in view the importance of the result we 
intend to investigate the scaling behaviour of multiplicity 
distribution of showers in p-nucleus collision at ^  800 GeV 
energy of incident protons. 
3.6 Correlations Between the Multiplicities of Different 
Particles; 
It is interesting to study multiplicity correlations of 
the type <n^(n.)> where n^^^, n- = n^, nj^ , n , N^ and ± ^ j . 
Such type of correlations are satisfactorily described by 
linear functions of the form: 
<nj_(nj)> = a^. n. + b^. ; a^j>0 ... (3.16) 
in the entire range of n- variation, except for n dependence 
which shows change in slope at n d 8. The fits to the data 
at 50, 340 GeV TI~- Em and 400 GeV p - Em interactions are 
: 30 : 
shown in figs. 3.6, 3.7 and 3.8. The values of parameters 
a-. and b.- obtained by the method of least squares fit are 
given in table 3.6. It may be noted from the figure that for 
larger values of n there is a change in the slope. On compar-
ing the data at 50, 340 and 400 GeV from table 3.7 and figs. 
3.6, 3.7 and 3.8 the following conclusions may be made: 
(i) The correlations between the multiplicities of slow 
particles, e.g., black, grey and heavy tracks seem to 
depend on the nature of the incident particle. 
(ii) The mean shower multiplicity <n > at fixed n or N^ is 
larger in proton-emulsion collisions than that in the 
pion-emulsion collisions. 
(iii) <n > depends more strongly on n as compared to n. or 
(iv) The values of <n.(n-)> saturate at n c^ 8 for pion-
emulsion collisions whereas it seems to saturate at 
n c^  9 for proton-emulsion collisions. 
The strongest dependence between <n > and n indicates 
that the best measure of <i^ > that is the average number of 
internuclear collision may be given by number of the grey 
tracks« 
3.7 Mean Normalized Multiplicity RA: 
The mean normalized multiplicity, R,, is defined as the 
: 30(a) 
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Fig. 3,6 Multiplicity correlations in pion-emulsion interactions 
at 50 GeV/c. 
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TABLE 3o7 Values of <n^>,<n_u>, R, <^>uA ^"<^ ^^'^hA •^ °'^  ^"^ ^^^ P^ 
collisions for various targets at energies Ej^ j^^ :^ 10o5 GeV 
Type of 
Inter-
action 
14 
7:--Ne20 
.--Al^-^ 
- ^ 64 
71 -CU 
- ^ 73 
71 -Em 
71 -Em 
95 
IX -AgBr^ 
- , 108Tc -Ag 
- D K 2 0 7 
7X -Pb 
^- ii238 
71 -U 
.. rl2 
p-u 
1 4 
p-CNO-^ 
p-Al2'7 
p-Cr^2 
p-Cu^^ 
p-Em 
I- 73 
p-Em 95 
p-AgBr^ 
P-Ag^OS 
. 119 
p-c^ n 
.,184 
p-.J ,207 
p-pb 
Incident 
energy 
(GeV) 
100 
60 
10.5 
100 
100 
50 
340 
50 
100 
100 
100 
200 
200 
200 
300 
100 
200 
400 
67 
200 
160 
300 
160 
<'^ s> 
7.81+0.13 
7.42+0.24 
3.74+0.06 
8.35+0.14 
9.75+0.21 
8.27+0.12 
14.22+0.12 
9.29+0.17 
11.00+0.30 
11066+0.15 
11.78+0.23 
9.40+0.00 
10.50+C.60 
11.25+0.76 
13.80+0o73 
11.00+0.32 
13.31+0.03 
16.86+0.51 
10.10+0.20 
15.50+0.00 
13.31+1.30 
18.60+1.53 
14.75+1.41 
en 
6.50+0.10-
6.10+0.16 
3.45+0.03 
6.50+0.10 
6050+0.10 
5.71+0c07 
8.70+0.12 
5.71+0.07 
6.50+0.10 
6.50+0.10 
6.50+0.10 
7.40+0.00 
7.65+0.17 
7.40+0.00 
8.47+0.08 
6.40+0.14 
7.65+0.17 
8.99+0.12 
5.89+0.07 
7.40+0.00 
7.00+0.10 
8.48+0.10 
7.00+0.10 
^A4 
1.44+0.40 
1.47+0.05 
1.56+0.04 
1.54+0.04 
1.81+0.05 
1.80+0.05 
1.88+0.06 
2.04+0.07 
2.05+0.07 
2.18+0.05 
2.21+0.06 
1.48+0.00 
1.58+0.10 
1.71+0.00 
1.84+0 0 24 
2.04+0.03 
1.99+0.07 
2.11+0.08 
2.09+0.05 
2.44+0.00 
2.22+0.23 
2.50+0.20 
2.49+0.25 
<^>hA 
lc38 
1.44 
1.57 
lo69 
2.10 
2.17 
2.17 
2.32 
2.39 
2.82 
2.92 
1.53 
1.61 
1.97 
2.42 
2.58 
2.68 
2.68 
2.91 
3.17 
3.12 
3.57 
3.71 
<"^ >hA 
1.20 
1.22 
1.29 
1.35 
1.55 
1.59 
lo59 
1.66 
1.70 
1.91 
1.96 
1.18 
1.20 
1.32 
1.47 
1.53 
1.56 
1.56 
1.64 
1.73 
1.71 
1.86 
1.90 
Refs. 
33 
34 
35 
33 
33 
16 
17 
29^36 
33 
33 
33 
37 
7 
37 
38 
40 
39 
18 
8 
33 
37 
38 
37 
The values of <n •> taken from compilation by Albini et al. [41]. 
'ch 
* * References correspond to <n > va lues . 
: 31 : 
ratio of the number of relativistic charged particles produced 
in hadron-nucleus (hA) collisions to hadron-nucleon collisions 
at the same energy.' It may be given by 
^Al ~ 7n > ••• (3.17) 
^^ ^"ch^hh 
where <'^ s''hA "^^ ^ ^ '^ rh'*hh ^'^^ '^^ ^ mean multiplicity of the 
relativistic particles in hadron nucleus and hadron-hadron 
collisions respectively. Later on it has been realized 
[26-30] that the expression (3.17) is not exact because it is 
not in accordance with its definition used to predict the 
behaviour of R^ from various models. The reason is that in 
the present definition of R., two dissimilar quantities are 
being compared which affects the results significantly and 
this effect is more significant at lower energies, because at 
lower energies, the function of slow particles with relative 
velocity p<^ 0.7 increases and this in turn affects the conclu-
sions dr.awn regarding the energy dependence of mean normalized 
multiplicity. 
We therefore summarize here the suggestions made by 
various workers [lO, 24, 26-28] to estimate R. so that its 
comparison with different models becomes meaningful. 
According to Otterlund et al. [lO], R. is not a good 
parameter for comparison with the prediction of various models 
because <n > contains interaction with protons and neutrons 
of the target nucleus, whereas <n . > is the average multiplicity 
; 32 : 
for hh collisions. Therefore one should exclude^ 0.5 from 
<n Y^>, so that expression (3.17) becomes 
RAO ~ ^ s n R • ••• (3.18J 
<n^^> - vJ.D 
Which is supposed to be a better parameter than R. •,. Babecki 
et al. [28] have reported the definition of R. as: 
^"s^cr "^"s^ " •*• 
^A3 = "0=r~>71 " <n^, > - 2 ••• (3.19) 
ch cr ch 
Aziz and Zafar [24, 26] have pointed out that while 
estimating the number of created charged particles, the charge 
exchange effect should also be taken into account. According 
to them, the mean normalized multiplicity R. in case of proton-
nucleus collisons should appear as: 
<n^>^. <n^> - 0.67 
f^^ A4)pA = <7r>^ = - ^ (3.20) 
A^ PA ^"c^pp <n^> - 1.33 
where <n > » ^ nd <n > represents the average number of 
actually created charged particles in pA and pp collisions, 
the definition of R. becomes. 
<n^> -. <n<,> - 0.50 
^A4 = <n > = — ^ (3.21) 
^^ ^'^C^TT-P <n^> - 1.40 
: 33 : 
where <n_>_-.. and <n > - represent the average number of 
C Tt /\ C 71 p 
actually created charged particles in case of (TI~A) and (1:"?) 
collisions respectively. 
3.7.1 R. as a function of energy: 
The dependence of R., and R.^ on energy is shown in the 
figure 3.9 for pion-nucleus and proton-nucleus collisions. 
From the figure it follows that R., increases with energy upto 
E-| V r^ 60 GeV and thereafter it becomes constant. However, 
R.4 remains essentially energy independent in the energy range 
c:^  20 GeV and above for both pion and proton interactions. The 
energy independent value of R.. rules out the possibilities of 
single step models at energies :^ 20 GeV and at the same time 
agrees with the prediction of double step models. 
3o7.2 R. as a function N. : 
A h 
The variation of R. with N. has been studied by several 
workers and a linear relationship of the form 
R^ = a + (JNj^  ... (3o22) 
has been found to exist. With R., the value of a is found to 
remain practically constant over the entire energy range where-
as p increases with energy and attains essentially a constant 
value ^ 0.1 at energies ^ 7 0 GeV [28]. However, the variation 
: 33(a) 
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Fig. 3.9 Dependence of the mean normalized multiplicity, 
^Al "^^"^  ^ A4 '^^  energy for pion and proton-emulsion 
interactions. 
. 34 : 
of R.. in terms of created charged p a r t i c l e s makes both a and 
§ energy independent. A p lo t of R.^ with N, for- pion emulsion 
and proton emulsion i n t e r a c t i o n s i s shown in f i g . 3,10. The 
so l id l i ne represented by 
^^AAK-- Em " ^^-^2 - °*°^^ "^  ^°*^^ - Q-004) N^ (3.23) 
is found to give best fit to the pion emulsion data, the 
dashed line represented by the relation 
(R^^) _ Em " (lo32 + 0.02) + (0.12 + 0.002) N^ ^ (3.24) 
is found to give best fit to proton emulsion interaction data 
at 67 and 200 GeV/c [28]. It is seen that- the dependence of 
R.. on N, is similar for pion-emulsion and proton-emulsion 
interactions. The independence of the values of a and (i on 
the energy suggests that because at higher energies <N> > 
becomes constant, R,^ should also attain a constant value. 
Thus, the ruethod used here leads to a new kind of scaling 
between R.^ and N. . 
3.7,3 Dependence of R.. an <^>J^A and <^>J^A5 
To study the dependence of mean normalized multiplicity 
R.^ as a function of the number of projectile encounters, 
<^>UA* "the values of R.^ and <'»>UA for pion and proton 
: 34(a) 
, 50GeV/c 
o 300GeV/c 
j» 3 4 OGe V/c 
r i a t i o n of the mean normal ized m u l t i p l i c i t y , 
ion and p r o t o n -Fig. 3.10 Va 
,4 
emulsion interactions 
R^^ as a function of Nj^  for p 
: 35 : 
projectiles colliding with various targets are given in 
table 3.7. The correlation has been graphically represented 
in fig. 3oll. The values of <^>KA a^ e calculated by other 
workers with the help of the expressions: 
<^>^-^ = 0o74 A^°*^^^ ..o (3.25) 
and 
<i)> . = 0.71 A^ "^^ -*-^  ..o (3.26) 
for pion nucleus and proton nucleus interactions respectively. 
Using the method of least squares, the following relations 
have been found to satisfy the data: 
^^ A4^ 7i;"A "^  (O068O + 0.180) + (0.537 + 0.057) <^ >^ ~;^  (3.27) 
for pion-nucleus collisions and 
^^A4^pA " (0.780 + Oc091) + (0o487 + 0.032) <^ >p;^  (3.28) 
for proton-nucleus collisions. 
The above two fits have been shown in fig. 3.11 by dashed 
lines. It can be seen from the figure that the dependence of 
R.^ on <^ >KA is projectile dependent. However, according to 
additive quark model, the effective number of collisions "^ '^'hA 
: 35(a) 
2.8 
1.2 
lO t.6 2.0 2.4<V> 2.8 3,2 3,6 
hA 
Fig. 3.11 Dependence of the mean normalized multiplicity, 
R A4 as a function of the number of projectile 
encounters, <>^ >^ ^ for pion and proton interactions 
35(b) 
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: 36 : 
made by the incident hadron inside the nucleus may be given 
by 
inel 
<v>,^ = 1 * (<«hA- i) -fH?I ••• (3.29) 
°hN 
Where <^>UA ^^^ '^^ '^ hA '^^ ^ effective number of collisions and 
the average number of collisions of the incident hadron inside 
the nucleus; a -s, and a,^ are the inelastic cross sections 
for qN and hN interactions. The values of <^>UA fo^ pion and 
proton projectiles with different targets at various energies 
are given in table 3.7. The variation of R.. with <^>UA f°^ 
pion-nucleus and proton-nucleus collisions has been shown in 
fig. 3.12. It is interesting to note that all the data points 
can be represented by a single relationi 
R^4 = (0.143 + 0.019) + (1.136 + 0.051) <^>h^ (3.30) 
This indicates that there exists a scaling between R.^ and the A4 
<^ '>hA-
The observed scaling in the multiplicity distributions at 
accelerator energies and absence of such scaling in pp at 
VS = 540 GeV indicate that the mechanism of particle production 
is probably changing at very high energies. The constancy in 
the value of R. from low energy to 400 GeV/c indicates that 
the particle production takes place by double, step mechanism. 
However, such studies at higher energies should give more 
interesting results. 
37 : 
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CHAPTER - IV 
RAPIDITY-GAP DISTRIBUTIONS (CLUSTER CHARACTERISTICS) 
4.1 Introduction; 
A lot of work has been done on the angular distribution 
of charged secondaries produced in hadronic collisions by-
various workers at both cosmic rays and accelerator energies 
[l-7]. However, a survey of literature shows that the rapidity 
and rapidity-gap distributions etc. have been studied generally 
with proton beams. The results with pions exist only upto an 
energy of 200 GeV. 
In this Chapter we present an analysis of data from 50, 
340 GeV/c pion-emulsion interactions and 400 GeV/c proton-
emulsion interactions. The results presented are repidity dis-
tributions and rapidity-gap distributions of secondaries. Pro-
duction of heavy clusters using the method of Adamovich et al. 
has also been investigated. 
The rapidity variable for a particle in the laboratory 
frame is given by 
Y = ^ ln[(E + Pi)/(E - pj_)] (4.1) 
where E and p-, are the energy and longitudinal momentum of the 
particle. At very high energies P2^>>p,>>m, ^hexe p, and m 
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denote the transverse momentum and mass of the secondary 
particle, the above relation reduces to the form 
T] = -In tan 0/2 .. . (4.2) 
where 9 is the space angle of the shower particle with respect 
to the beam direction in the laboratory frame. The variable 
T) is called the pseudorapidity. 
4.2 Rapidity Distributions: 
Fig. 4ol shows the pseudorapidity distributions of rela-
tivistic charged secondaries emitted in 50 and 340 GeV/c pion-
emulsion and 400 GeV/c proton emulsion interactions with Ni^ ;^ 2. 
Fig. 4.2 shows the dependence of pseudorapidity distributions 
on target size. The data is divided into different n bins 
to investigate the dependence of angular distribution on 
the target size. The following observations may be made from 
these figures; 
(i) The larger the value of n , the stronger is the deforma-
tion in the angular spectrum, which indicates that the 
medium fast particles is related to the influence of 
the target on the particle production process. 
(ii) Bimodal structure is present in the angular distributions 
at 50 and 340 GeV/c pion-emulsion interactions whereas 
no such bimodality exists at 400 GeV/c proton-emulsion 
interactiono 
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Fig . 4 .1 pseudorapidi ty d i s t r i b u t i o n s of shower p a r t i c l e s 
emitted in 50, 340 and 400 GeV/c. 
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Fig. 4.2 Pseudorapidity distributions at 50, 340 and 400 GeV/c 
in different n -bins. 
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(iii) The centroid of the distribution of the excess particles 
continuously shifts towards lower values of the rapidity 
as the target size increases and 
(iv) The excess of particles appear in the target fragmenta-
tion region with the increase of the target size, however, 
no remarkable change is observed in the projectile frag-
mentation region. 
The observed change in the rapidity-spectrum with the 
target size and the bimodal structure of distributions con-
tradict the predictions of tube model [8], where hadron-nucleus 
interaction is considered to be identical to hadron-hadron 
interactions and therefore the structure of the distributions 
for different n -groups should remain the same. The change in 
the rapidity spectrum towards lower rapidity side with increas-
ing target size and the shift of the centroid of excess of 
particles is qualitatively inconsistent with energy flux cascade 
model, where rapidity spectrum from slow hadrons is independent 
of the number of collisions inside the nucleus and depends only 
on the incident energy. Similar results have been reported 
by other workers at different energies. 
4.3 Rapidity-Gap Distributions; 
In the last few years several theoretical attempts have 
been made to explain the multihadron production in hadronic 
collisions in terms of the formation and decay of clusters. 
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The idea underlying the approach is that during collisions, 
higJ;ily excited hadronic states are^^roduced which subsequently 
decay into final state hadrons. There are interesting pre-
dictions regarding the nature of such intermediate states such 
as droplet of gluons [9], resonances [lO] and excited hadronic 
states [ll]. But till to date there is no conclusive evidence 
(experimentally) in favour of anyone of these. 
In the present study, an attempt has been made to investi-
gate the formation of clusters and its dependence on the energy 
and the nature of the projectile by the study of rapidity-gap 
distribution of the secondary particles. 
In order to study the rapidity-gap distributions, the 
pseudorapidity, TI , of all the charged secondaries of an event 
is arranged in increasing order (t), <ri2 <'n2 < "^ n^^  * 
The differences r(2) = "H- , - -n. , where i = 1, 2, n - 1 
are calculated. This gives rise to two particle rapidity-gap 
distributions. Similarly, the differences r(3) = x].,^ - r\-, 
i = 1, 2, n - 2 give three particle rapidity-gap 
distributions and so on. Since the study of these correlations 
only in the central region is of interest the particles at the 
two ends of the rapidity space are excluded while calculating 
the differences as these correspond to the leading and target 
particles at high energies [l2j. Fig. 4,3 shows the two parti-
cle rapidity-gap distributions for the events' with Nu^ :^ 2. The 
excess of events at smaller values of rapidity-gap is attributed 
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to the existence of short range correlations among secondary 
particles Vvhich is taken to indicate the formation of clusters 
at these energies [13-16]. To ensure that the excess of events 
at smaller values of rapidity-gap is not due to the phase space 
effects, we have generated pseudoevents at 50, 340 and 400 GeV/c 
To generate pseudoevents of a particular n (say n = 5 ) , we 
have randomly chosen 50 stars with n = 5, noted down the 
rapidities of the individual showers separately and mixed them 
all. From this sample of 50 x 5 rapidities we picked out 
randomly any five and noted the rapidities. This is our one 
generated event. Mixed these five rapidities in the sample 
thoroughly and again picked out any five a second time to get 
another generated event with n = 5 and so on. Thus pseudo-
events with different values of n were generated. The total 
sample of generated events was then obtained by putting together 
the generated events of various n_ in ratios demanded by 
experimental n -distribution. 
Two particle rapidity-gap distributions using the same 
procedure has been obtained and is given in fig. 4.3 by dotted 
lines at all the energies. From the figure it is noted that 
the rapidity-gap distributions for the generated events look 
similar to the experimental distributions. Fig. 4.4 shows 
difference distributions at 50, 340 and 400 GeV/c. From these 
distributions one may note that there is a definite excess 
of showers at smaller values of rapidity-gaps. This indicates 
that the shape or behaviour of the two particle rapidity-gap 
distribution is not only due to the phase space effects. The 
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additional correlations over the phase space suggests the 
presence of cluster formation in the multihadron production. 
4.4 Forward-Backward Correlations: 
In order to study the correlations in the forward and 
backward rapidity space, two particle rapidity-gap distribu-
tions at 50, 340 and 400 GeV/c have been obtained which is 
shown in the figs. 4.5(a,b,c) and 4.6(a,b,c). The separation 
of the rapidity space into forward and backward regions has 
been done [17] by calculating the average rapidity, <T]> , at 
50, 340 and 400 GeV/c. Its values come out to be 2.36, 3.61 
and 2.82 respectively. The forward and backward regions are 
characterized by ri<2.36 and r)^ 2.36 at 50 GeV/c, r)<3.61 and 
Ti>^ 3.61 at 340 GeV/c and TI<2.82 and TI^2.82 at 400 GeV/c. From 
the plots it is clear that there is no difference in the 
correlations in the forward and backward regions of rapidity 
space. Again, to see the phase space effects, we have 
generated pseudoevents at 400 GeV/c also. The generated 
pseudoevents at 400 GeV/c are grouped into forward and back-r 
ward categories as shown by dotted lines in the figs. 4.5(c) 
and 4.6(c). The difference distribution with respect to the 
experimental distribution have been obtained and shown in 
Fig. 4.7. The difference distributions are similar, indicat-
ing no difference in the correlations. Therefore, we conclude 
that correlation occurs in the rapidity space among secondary 
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particles v.hich indicates the formation of clusters during the 
multiparticle production. 
4.5 Higher order correlations; 
In order to investigate the three and four particle 
correlations, the rapidity-gap distributions at 50, 340 and 
400 GeV/c are shown in fig. 4.8. From these plots we can 
easily see that there is a decrease in the number of particles 
at small values of rapidity-gaps and hence one may conclude 
that higher order correlations do not exist at these energies. 
4o6 Study of Heavy Clusters Production: 
Some authors have observed [l8,19] higher order correla-
tions as well. These correlations may be due to production of 
well known resonances or the result of fire-ball type of 
cluster production. In order to differentiate between the two 
mechanisms Adamovich et al. have suggested a method to analyze 
jets by the all possible available distributions of n rapidity 
^k 
intervals. The rapidity interval n between two charged 
k^ 
particles in an n charged particle event with some k particles 
falling between these two particle rapidities can be defined 
as: 
\ = ^i+k+1 " ^i ••"' ^"^'^^ 
t 
where l^<i ^ <n-k-l, 0^ k^  n-2 and n is total number of showers 
: 4 6 ( a ) 
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in an event. The distributions of these intervals can be 
obtained by summing-up all possible choices of pairs of parti-
cles,. The method seems to be more sensitive than the two 
particle correlation [20] and rapidity-gap [21] methods as 
well as the fluctuation analysis method [22]. This is more 
general and can provide more informations than the two particle 
correlation or rapidity-gap methods. We have applied all 
possible rapidity interval method to investigate the heavy 
clusters production at 340 and 400 GeV/c with pions and pro-
tons as projectiles. According to Adamovich the comparison 
of theory and experiment can be best done if we confine our 
data to the events with n values close to <n > for the v/hole 
data. The values of <n^> at 340 and 400 GeV/c are 14.22 + 0.20 
and 16.86 + 0.51 respectively. vVe have therefore selected 191 
pion-emulsion interactions with n = 13, 14 and 15 which 
contribute to 2674 shower tracks. Similarly, 55 events with 
n = 16, 17 and 18 have been selected in proton-emulsion 
interactions which contribute to 880 shower tracks. The ex-
perimental rapidity interval distributions obtained for pion-
emulsion and proton-emulsion interactions are shown in figs. 
4.9 and 4.10. The Adamovich's all possible rapidity interval 
method suggests that in the case of production of two heavy 
clusters, a two bump structure has to be observed in the 
distributions and thus structure should be observed for k:^7 
in pion-emulsion and k^ 8 in proton-emulsion interactions. 
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Fig. 4.10 Experimental distributions of rapidity intervals 
/ith K = 0 to 15 for p-Em interactions at 400 GeV/c 
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Thus the sensitive distributions, in the case of pion-emulsion 
interactions at 340 GeV/c, are My^, -'•^ Yo* I^YQ, l^Yin* ^"^^U 
and 14Y-12* Simiarly in the case of proton-emulsion interac-
tions at 400 GeV/c, there are 16YO> I^YQ , 16YIQ> ISY-.-], 16YI2' 
16YI3» I6Y14 and 16YT5« From the figure, no two bump structures 
are observed at both the energies. But some groups [l8,19] have 
reported that at cosmic ray energies, sharp bumps are observed. 
Thus we may conclude that 340 and 400 GeV energy is below the 
threshold for the production of such clusters and that production 
of heavy clusters are energy dependent. However, the statis-
tics at 340 and 400 GeV/c is not good enough to draw any final 
conclusions. vie, therefore, plan to further investigate the 
problem at 340 and 400 GeV/c with better statistics and look 
for the same at 800 GeV as well. 
: 49 
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CHAPTER - V 
SUMMARY 
In chapter I motivations behind the study of hadron-
nucleus collisions have been discussed. 
In chapter II, various models for explaining the multi-
particle production in hadron-hadron and hadron-nucleus colli-
sions have been discussed. These models have been grouped into 
two categories, viz., the single step models (SSM) and the 
double step models (DSiM) . In single step models the multi-
particle states are assumed to be formed instantaneously. It 
means that the multiparticle states are formed in a single 
step during the collision, while in the case of DSM, the inter-
action is visualized to proceed via the formation of some 
intermediate states which subsequently decay into final state 
particles. The models discussed are the intranuclear cascade 
model which comes under the first category, i.e., (SSM) and the 
diffractive excitation model, energy flux cascade model, hybrid 
model and coherent tube model which fall under the second 
category that is (DSM). The intranuclear cascade model explains 
the experimental data on average shower multiplicity and <N- > 
upto 25 GeV energy. At higher energies it grossly overestimates 
these quantities. The predictions of this model are in dis-
agreement with the experimental results. 
: 52 : 
In diffractive excitation model, it is assumed that the 
two colliding particles, at high energies, are f-irst excited 
diffractively to compound states which subsequently decay into 
multiparticle states. This model predicts that the average 
multiplicity in proton-nucleus and proton-proton collisions 
should be the same. The mean normalized multiplicity, should 
be energy independent and weakly dependent on the mass number 
'A' of the target. In the energy flux cascade model, it is 
assumed that the energy flux of hadronic matter is the essential 
variable that governs the early evolution of the system, and 
it is a cascade of this flux, and not conventional hadrons, 
that occurs in nuclear collision. This model predicts that 
the mean normalized multiplicity, R.,is energy independent. 
The hybrid model predicts that the final state of a system is 
reached through the formation of an intermediate state and 
therefore comes under the category of double step models. This 
model also predicts that R. is independent of energy. Further, 
this predicts the independence of R. on target mass 'A'. In 
Berlad's coherent tube model, it is assumed that the incident 
particle interacts collectively with an array of i nucleons in 
a tube of cross section a. The centre of mass energy available 
for particle production is given by VS- = 2imE, where m is the 
nucleon mass and E represents the energy of incident particle. 
This model predicts R. to be energy independent. The model 
also predicts the independence of R. with A. • 
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In chapter III some results reported by various workers 
on hadron-hadron and hadron-nucleus collisions are presented. 
The results given are multiplicity distributions of black, grey 
and heavily ionizing particles, multiplicity distribution of 
shower particles, dispersion, Koba-Nielson-Olesen scaling, 
correlations between multiplicities of different particles and 
mean normalized multiplicity R. etc. The values of D(n ), <n > 
and <n >/D(n ) at 50, 340 and 400 GeV/c and at other energies 
are given. From these values it is concluded that the ratios 
<n >/D(n ) for both n -Em and p-Em interactions are not much 
different. From this we conclude that the production mechanism 
of showers may be similar for both types of interactions. 
. The Koba-Nielson-Olesen (KNO) scaling of shower particles 
in pion-nucleus and proton-nucleus interactions has also been 
given. The main features of KNO scaling are seen to agree 
with the data. The Buras scaling function ^(Z') = A(Z'+B) 
exp(CZ' + DZ'^) with the values A = 2.033, B = -0.275, C = 2.526 
and D = 2.17 fits the data at 50 and 340 GeV/c and the value of 
-V,/DOF is 1.424. The proton emulsion data is fitted with 
another function ^(Z') = [Z' exp(-Z') ] given by Aziz et al. 
with a = 2.13. The value of '/-^/DOF is found as 0.471 which 
best fits the data. 
The study of correlations between <n >, <n]^ >, <^r,> and 
<Nu^ > show that these parameters are linearly related to each 
other. The correlations of the type <n.(n.)> (n., n- = n , n. , 
1 J 1 J S D 
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n , N, and i 7^  j) can be represented satisfactorily by linear 
functions of the form <n.(n.)> = a-• n. + b... The results 
•'-J -'-J J -'-J 
show that the correlations between multiplicities of slow 
particles, i.e., between grey, black and heavy tracks, depend 
on the nature of the incident hadrons but not on their energy. 
The values of <n > are found to depend more strongly on n in 
comparison with its dependence on other parameters. This 
suggests that n gives a more reliable estimate of <>*> in 
comparison with other characteristics of a interaction. 
In chapter IV some analysis of the data at 50, 340 and 
400 GeV/c is given. The results analysed are rapidity distri-
butions, rapidity-gap distributions of secondary charged parti-
cles. Two particle correlations are studied and the production 
of clusters is observed. ue have generated pseudoevents and 
grouped them into forward and backward hemispheres. The 
correlation in the forward and backward regions also supports 
the formation of clusters at these energies. Higher order 
correlations are also studied and it is found that higher 
order correlations do not exist at these energies. 
We have also looked for the production of heavy clusters 
in 340 GeV/c 7:~-emulsion and 400 GeV/c p-em.ulsion interactions 
using the method given by Adamovich et al. 
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